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Summary  Electron  transfer  processes  within  proteins  constitute  key  elements  in  biological
energy conversion  processes  as  well  as  in  a  wide  variety  of  biochemical  transformations.  Pursuit
of the  parameters  that  control  the  rates  of  these  processes  is  driven  by  the  great  interest  in  the
latter reactions.  Here,  we  review  a  considerable  body  of  results  emerging  from  investigation  of
intramolecular  electron  transfer  (ET)  reactions  in  two  types  of  proteins,  all  done  by  the  use  of
the pulse-radiolysis  method:  ﬁrst  are  described  results  of  extensive  studies  of  a  model  system,
the bacterial  electron  mediating  protein  azurin,  where  an  internal  ET  between  the  disulﬁde
radical  ion  and  the  Cu(II)  is  induced.  Impact  of  speciﬁc  structural  changes  introduced  into  azurin
on the  reaction  rates  and  the  parameters  controlling  it  are  discussed.  Then,  the  presentation
is extended  to  results  of  investigations  of  intra-protein  ET  reactions  that  are  part  of  catalytic
cycles of  multi-copper  containing  enzymes.  Again,  the  rates  and  the  parameters  controlling
them are  presented  and  discussed  in  the  context  of  their  efﬁcacy  and  possible  constraints  set
on their  evolution.
© 2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
BY license  (http://creativecommons.org/licenses/by/4.0/).
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a  3.00  cm  optical  path.  Time  resolved  absorption  changes
due  to  the  reactions  were  recorded  by  digitizing  2.000  data
points  on  two  different  time  scales.  Reactions  were  usually
studied  under  pseudo-ﬁrst  order  conditions  employing  pro-Introduction
Electron  transfer  (ET)  is  the  simplest  of  chemical  reactions,
it  occurs  between  molecules,  as  well  as  intramolecularly
between  sites  within  a  single  protein  molecule  and  over
distances  of  as  long  as  3  nm.  The  delocalization  of  elec-
tron  density  is  also  a  consideration  as  electrons  can  occupy
orbitals  that  extend  over  several  atoms  even  when  nom-
inally  identiﬁed  as  occupying  a  single  site  such  as  metal
ions.  Experiment  and  theory  have  led  to  a  basic  under-
standing  of  the  parameters  that  control  the  time  scale  of
ET  reactions,  typically  expressed  as  rate  constants  (Marcus
and  Sutin,  1985).  The  thermodynamic  driving  force,  deﬁned
as  the  reduction  potential  difference  for  the  process,  is
an  important  parameter  with  a  complex  dependence  on
the  structure  and  environment  of  the  oxidation/reduction
centers,  and  is  closely  related  to  the  energy  efﬁciency
of  the  overall  process.  The  structure  of  the  centers  also
makes  them  inherently  more  or  less  reactive  by  determin-
ing  their  reorganization  energy.  The  reorganization  energy
is  the  energy  difference,  between  the  ground  state  and  the
activated  state  (required  for  ET)  of  the  center  when  there  is
no  driving  force.  The  distance  separating  the  electron  donor
and  acceptor  is  an  another  important  parameter,  causing  an
exponential  decay  of  the  ET  rate  constant  with  increasing
distance,  yielding  a  decrease  in  rate  constant  of  12  orders  of
magnitude  over  a  separation  increase  of  2  nm.  Last,  but  not
least,  the  chemical  and  structural  properties  of  the  medium
separating  ET  partners  have  considerable  importance  deter-
mining,  the  pathway  and  hence  the  rate  constant.
One  reason  for  the  broad  interest  in  electron  transfer
reactions  within  and  between  proteins  is  due  to  their  being
central  to  all  life’s  processes,  starting  with  biological  energy
conversion  carried  out  by  photosynthesis  where  water  is  oxi-
dised  to  yield  dioxygen:
2H2O  →  O2 +  4H+ +  4e−
and  its  reverse,  respiration,  whereby  dioxygen  is  reduced
to  water.  Alternative  chemical  reactions  using  different  sub-
strates  in  energy  conversion,  such  as  denitriﬁcation  which
proceeds  via  NO2,  NO,  and  N2O  intermediates,  are  also
employed  for  life:
2NO3− +  10e− +  12H+ →  N2 +  6H2O
In  the  present  review  we  present  results  of  ET  in  proteins,
studies  carried  out  by  the  use  of  pulse  radiolysis.  In  this
method  the  initial  step  is  introduction  of  a  sub-microsecond
pulse  of  5  MeV  electrons  into  the  reactant(s)  solutions.  Inter-
action  of  the  energetic  electrons  with  the  solvent  water
leads  to  production  of  the  following  relative  yields  of
t
1
m
peactive  species  (G,  molecular  species  produced  per  100  MeV
bsorbed  energy)  (Hart  and  Anbar,  1970).
2O  →  e−aq(2.65);  OH(2.75);  H(0.65);  H2(0.45);  H2O2(0.72)
Several  chemical  reactions  have  been  devised  in  order
o  convert  the  original,  highly  reactive  species,  into  milder,
ore  selective  agents.  For  example,  in  the  presence  of  N2O
1  atm),  the  hydrated  electrons  are  converted  into  an  addi-
ional  equivalent  of  OH  radicals  with  a  rate  constant  of
.7  ×  109 M−1 s−1
−
aq +  N2O  +  H2O  →  N2 +  OH− +  OH
The  hydroxyl  radical  and  H  atoms  can  in  turn  be
onverted  to  the  milder  reagent,  the  CO2− radical-
on  (E0(CO2−/CO2)  =  −1.8  V)  (Klapper  and  Faraggi,  1979)
y  reaction  with  formate  ion  with  a  rate  constant  of
.5  ×  109 M−1 s−1.
H/H  +  HCO2− →  CO2− +  H2O/H2
An  even  milder  reducing  agent,  the  N-methyl  nicotin-
mide  radical  (E0(N-MNA+/N-MNA)  =  −0.9  V)  (Klapper  and
araggi,  1979)  can  be  produced  also  at  a  diffusion-controlled
ate  from  the  hydrated  electrons  under  conditions  where  the
H  radicals  are  quenched  by,  e.g.,  tertiary  butanol.
-MNA+ +  e−aq →  N-MNA
Pulse  radiolysis  experiments  were  carried  out  using  the
ystem  present  at  the  Hebrew  University  in  Jerusalem
Fig.  1).  It  is  based  on  a  Varian  V-7715  electron  accelera-
or  and  consists  of  an  optical  absorption  measuring  system
oupled  to  fast  recording  where  the  reactions  were  fol-
owed  by  transmission  changes  in  the  250—700  nm  range,
f  necessary  under  anaerobic  conditions.  Temperature  of
he  reactions  was  controlled  and  monitored  at  the  opti-
al  reaction  cuvette.  Optical  cuvettes  giving  different  path
engths  could  be  used,  for  example  a  nominally  1.00  cm
uvette  was  used  with  multiple  light  paths,  typically  givingein  concentrations  in  at  least  ten-fold  excess  over,  e.g.,
 M  radicals  produced  by  the  pulse.  The  data  were  ﬁt  to  a
ultiple  exponential  rate  law  using  a  nonlinear  least-square
rogram  written  Matlab  (Natick,  Massachusetts).
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Figure  1  The  pulse  radiolysis  system  at  the  Hebrew  University,  Jerusalem.  (A)  The  accelerator  source  section.  (B)  The  accelerator
b stems.  (C)  Light  outlet,  monochromators,  photodetection  and  data
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1eam outlet,  the  sample  holding  and  light  source  and  mirror  sy
ecording and  analysis  outside  the  accelerator  room.
zurins as a model system
he  blue  copper  protein  azurin,  named  for  the  characteris-
ic  intense  color  of  a  ‘‘Type  1’’  (T1)  Cu  (II)  center  (Malkin
nd  Malmstrom,  1970),  has  proven  to  be  an  especially  useful
odel  system  for  investigating  several  parameters  control-
ing  intramolecular  ET  rates.  The  single,  exposed  disulﬁde
resent  at  bottom  end  of  the  barrel-shaped  protein,  ca.
.6  nm  from  the  copper  site  present  at  the  other  end  (Nar
t  al.,  1991)  (Fig.  2)  can  be  reduced  by  the  CO2− radical  to
 RSSR− radical  ion  (monitored  by  its  absorbance  at  410  nm,
 =  10,000  M−1 cm−1,  E0 ≈  −0.41  V)  at  an  essentially  diffu-
ion  controlled  rate.  On  a  slower  time  scale,  a  decrease
n  absorbance  at  both  410  nm  and  the  Cu(II)  absorbance
ε  =  ∼5.000  M−1 cm−1 at  610—630  nm  depending  on  the  par-
icular  form  of  azurin)  has  been  observed,  representing  the
ecay  of  the  RSSR− radical  ion  and  the  Cu(II)  reduction  Both
rocesses  were  shown  to  be  concentration  independent,
.e.  monomolecular,  representing  an  internal  ET  reactions
roceeding  through  a  space  distance  of  2.6  nm.  This  is  illus-
rated  by  a  typical  experiment,  where  absorbance  increases
o  a  maximum  at  410  nm  in  0.2  ms  and  then  decreases  at
oth  410  nm  and  610  nm,  due  to  intramolecular  ET,  in  a  time
rame  of  ∼100  ms  (Fig.  3).
The  azurin  isolated  from  Pseudomonas  aeruginosa  was
he  ﬁrst  studied  and  a  relatively  fast  rate  constant  of  44  s−1,
as  observed  for  this  long  distance  ET  at  25 ◦C  (Table  1).
his  original  ﬁnding  initiated  the  extensive  use  of  azurin.
his  essentially  made  use  of  this  protein  as  a  model  where
peciﬁc  changes  in  its  structure  were  related  to  their  impact
n  the  intramolecular  ET  rates.  Early  studies  carried  out
hen  single-site  mutations  were  not  yet  feasible,  employed
ild-type  azurins  isolated  from  different  bacteria  with  spe-
iﬁc  sequence  differences.  These  studies  showed  that  the
p
o
b
cigure  2  Pseudomonas  aeruginosa  azurin  (PDB:  4AZU).
bove  rate  constant  is  typical,  and  established  a  depend-
nce  on  the  driving  force  for  the  reaction  (as  predicted  by
arcus  theory  (Marcus  and  Sutin,  1985)).  The  Pathways  algo-
ithm  developed  by  Onuchic  and  Beratan  (Beratan  et  al.,
991,  1992,  2009) was  applied  to  azurin  and  suggested  two
otential  paths  of  similar  coupling  efﬁciency  (Fig.  4).  The
ne  with  the  slightly  better  coupling  involves  28  covalent
onds  and  a  single  hydrogen  bond.  In  the  other,  with  20
ovalent  bonds  but  a  through-space  jump  and  two  hydrogen
Controlling  time  scales  for  electron  transfer  97
Figure  3  Time  resolved  absorption  changes  as  a  result  of  CO2− reduction  of  Pseudomonas  aeruginosa  azurin.  Time  is  in  seconds,
1 mS  for  the  left  panels,  0.1  s  for  the  right  panels.  (A)  Reduction  of  Cu(II)  followed  at  625  nm.  (Left  panel)  Direct  bimolecular
reduction of  Cu(II)  by  the  radicals.  (Right  panel)  Reduction  of  Cu(II)  by  intramolecular  ET  from  disulﬁde  radicals.  (B)  Formation  (left
panel) and  decay  (right  panel)  of  disulﬁde  radical  anions  monitored  at  410  nm.  Protein  concentration  12  M;  temperature  298  K;  pH
th  0.
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f7.0, 0.1  M  formate,  10  mM  phosphate,  N2O  saturated.  Pulse  wid
bonds,  the  presence  of  the  single  Trp  residue  (W48)  cen-
trally  located  near  the  path  suggested  that  it  may  enhance
the  coupling.  An  additional  factor  that  might  favor  this  path-
way  is  the  presence  of  the  Cys  thiolate  ligand  in  the  path,  as
discussed  below.  Hence,  an  azurin  lacking  this  homologous
Trp  isolated  from  Alc.  spp.  was  studied  and  found  to  exhibit
an  only  slightly  slower  internal  ET  rate.  The  development
of  protocols  for  production  of  single-site  mutants  allowed
this  idea  to  be  further  evaluated.  Removal  of  the  native
Trp  had  indeed  little  effect.  In  contrast,  the  introduction
of  a  second  Trp  replacing  a  Val  (V31)  proximal  to  the  native
Trp48  enhanced  the  rate  constant  by  factor  of  ∼7.  This  is
attributed  to  an  enhanced  coupling  in  the  ET  pathway  as
reﬂected  in  a  more  favorable  entropy  of  activation  (associ-
ated  with  the  probability  of  ET).  NMR  measurements  show
that  the  two  Trp  residues  are  indeed  in  van  der  Waals  contact
(Farver  et  al.,  1997).  Mutation  of  a  variety  of  other  azurin
residues  probed  additional  parameters,  namely  the  role  of
changing  the  ET  driving  force  and  the  structure  of  the  Cu
binding  site.
While  the  Type1  (blue)  copper  site  is  the  most  widespread
copper  containing  electron  mediating  site,  another,  related
i
p
o
t3  s,  12.3  cm  optical  path  (Farver  and  Pecht,  2011).
opper  site  is  also  encountered,  though  less  frequently.
ytochrome  c  oxidase  is  central  to  aerobic  respiration.  It
eceives  electrons,  as  its  name  tells,  from  cytochrome  c  via
ne  of  its  metal  ion  sites  consisting  of  a  pair  of  Cu  ions  called
he  CuA (or  purple  site)  that  in  turn  provides  the  electrons
o  other  sites,  two  hemes  and  an  additional  Cu  ion.  One
f  the  hemes  and  the  latter  copper  form  the  site  where
ioxygen  is  reduced  to  water,  with  protons  pumped  across
he  membrane  in  addition  to  those  required  to  form  water.
he  discovery  of  this  distinct  electron  mediating  CuA site,
n  particular  in  as  central  an  enzyme  as  cytochrome  oxi-
ase  raised  the  question  for  the  reason:  why  did  evolution
evelop  these  distinct  sites  for  an  electron  mediating  func-
ion?  In  an  effort  to  try  and  answer  this  question  we  were
reatly  helped  by  collaborating  with  Lu  et  al.  who  have  suc-
eeded  in  engineering  the  purple  site  into  azurin,  forming
‘purple  azurin’’  (Fig.  5).  The  kinetics  of  intramolecular  ET
rom  the  disulﬁde  bridge  radical  to  the  purple  site  were
nvestigated  (Fig.  6).  The  rate  constant  of  the  ET  to  the
urple  site  was  found  to  be  ∼15  times  higher  than  that
f  wild  type  azurin  even  though  the  driving  force  is  lower
hrough  the  same  assumed  ET  path.  Based  on  the  measured
98  S.  Wherland,  I.  Pecht
Table  1  Rate  constants,  driving  forces  and  activation  parameters  of  the  intramolecular  ET  from  the  disulﬁde  radical  ion  to  the
T1 Cu(II)  in  azurins.
Azurin  k298 (s−1) E0 (mV)  −G0
(kJ/mol)
H‡
(kJ/mol)
S‡ (J/mol  K)  References
Wild  type
P.  aeruginosa  44  ±  7  304  68.9  47.5  ±  2.2  −56.5  ±  3.5  Farver  and  Pecht,  1989
P.  ﬂuorescens 22  ±  3 347  73.0  36.3  ±  1.2  −97.7  ±  5.0  Farver  and  Pecht,  1992a
A.  spp. 28  ±  2 260  64.6  16.7  ±  1.5  −171  ±  18  Farver  and  Pecht,  1989
A.  faecalis 11  ±  2 266  65.2 54.5  ±  1.4 −43.9  ±  9.5 Farver  and  Pecht,  1992a
A.  denitriﬁcans 42  ±  4 305  69.0 43.5  ±  2.5 −67  ±  9 Farver  et  al.,  2000a
Mutants  P.  aeruginosa
D23A  15  ±  3  311  69.6  47.8  ±  1.4  −61.4  ±  6.3  Farver  et  al.,  1996b
F110S  38  ±  10  314  69.9  55.5  ±  5.0  −28.7  ±  4.4  Farver  et  al.,  1996a
F114A  72  ±  10  358  74.1  52.1  ±  1.3  −36.1  ±  8.2  Farver  et  al.,  1993
H35Q  53  ±  11 268  65.4 37.3  ±  1.3  −86.5  ±  5.8  Farver  et  al.,  1992
I7S  42  ±  8 301  68.6 56.6  ±  4.1 −21.5  ±  4.2  Farver  et  al.,  1996a
M44K  134  ±  12 370  75.3 47.2  ±  0.7 −46.4  ±  4.4  Farver  et  al.,  1992
M64E  55  ±  8  278  66.4  46.3  ±  6.2  −56.2  ±  7.2  Farver  et  al.,  1996a
M121L  38  ±  7  412  75.3  45.2  ±  1.3  −61.5  ±  7.2  Farver  et  al.,  1993
V31W  285  ±  18  301  68.6  47.2  ±  2.4  −39.7  ±  2.5  Farver  et  al.,  1997
W48A  35  ±  7  301  68.6  46.3  ±  5.9  −58.3  ±  6.0  Farver  et  al.,  1997
W48F  80  ±  5  304  68.9  43.7  ±  6.7  −61.9  ±  9.7  Farver  et  al.,  1997
W48S  50  ±  5  314  69.9  49.8  ±  4.9  −44.0  ±  3.5  Farver  et  al.,  1997
W48Y  85  ±  5  323  70.7  52.6  ±  6.9  −30.2  ±  3.6  Farver  et  al.,  1997
W48L  40  ±  4  323  70.7  48.3  ±  0.9  −51.5  ±  5.7  Farver  et  al.,  1993
W48M  33  ±  5  312  69.7  48.4  ±  1.3  −50.9  ±  7.4  Farver  et  al.,  1993
H46Gaq  15  ±  2  <300  <68.5  42.1  ±  3.5  −81  ±  5  Farver  et  al.,  2000a
H117Gaq  7  ±  3  <300  <68.5  22.0  ±  3.2  −155  ±  11  Farver  et  al.,  2000a
H117Gim  149  ±  17  240  62.7  54.5  ±  3.9  −22  ±  1  Farver  et  al.,  2000a
M121H  21  ±  4  215  60.3  28.0  ±  2.1  −127  ±  8  Farver  et  al.,  2000a
Purple  azurin  650  ±  60  283  66.9  33.7  ±  3.1  −78  ±  5  Farver  et  al.,  1999
F114P/M121Q  81  ±  11  122  ±  6  51.3  36.6  ±  7.5  −86  ±  14  Farver  et  al.,  2013
F114P  191  ±  26  220  ±  18  60.8  ∼29  ∼  −106  Farver  et  al.,  2013
F114N  198  ±  6  381  ±  8  87.8  29.9  ±  0.2  −101  ±  1  Farver  et  al.,  2013
N47S/F114N  387  ±  59  499  ±  3  87.7  33.7  ±  2.5  −82  ±  4  Farver  et  al.,  2013
N47S/M121L  355  ±  51  503  ±  5  88.1  44.0  ±  2.1  −48  ±  1  Farver  et  al.,  2013
F114N/M121L  287  ±  34  513  ±  4  89.1  ∼39  ∼  −66  Farver  et  al.,  2013
M44F/N47S/F114N/G116F  220  ±  3  588  ±  20  96.3  26.8  ±  2.3  −110  ±  7  Farver  et  al.,  2015
N47S/F114S/M121L  44  ±  5 604  ±  14  97.8  30.4  ±  4.3  −110  ±  12  Farver  et  al.,  2015
N47S/F114N/M121L  78  ±  12  614  ±  11  98.8  41.7  ±  5.9  −71  ±  8  Farver  et  al.,  2013
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1N42C/M64E  Dimer  7200  ±  100  (304)  (68.9)  
ctivation  parameters,  this  enhanced  rate  was  attributed  to
 lower  reorganization  energy  of  the  CuA model  site  than
hat  of  the  conventional  T1  Cu  site  of  azurin  (Farver  et  al.,
999).
The  rather  fruitful  collaboration  with  Yi  Lu’s  team  was
xtended  to  the  pursuit  of  another  interesting  issue.  Namely,
 series  of  rationally  designed  mutants  of  the  T1  copper
ite  were  prepared  in  the  Illinois  lab  where  the  site  has
een  ﬁnely  tuned  by  modifying  the  hydrogen  bonding  net-
ork  of  the  copper  coordination  site  to  span  a  wide-range
f  reduction  potentials  while  leaving  the  site  itself  effec-
ively  undisrupted  (Fig.  7).  The  intramolecular  ET  from  the
isulﬁde  radical  to  the  Cu(II)  sites  was  investigated  in  these
utants.  First  results  established  that  the  reorganization
ree  energy  of  the  ET  process  is  signiﬁcantly  lower  than  that
f  WT  azurin  leading  to  an  almost  ten-fold  rate  increase.  The
i
d
a
v17.7  ±  2.0  −112  ±  6  Farver  et  al.,  2003
verage  reorganization  of  the  copper  site  of  these  mutants
as  evaluated  as  0.40  eV  (39  kJ/mol)  (Farver  et  al.,  2013)
ompared  to  a  value  of  0.82  eV  (79.1  kJ/mol)  for  the  wild
ype  (DiBilio  et  al.,  1997).
Another  set  of  experiments  using  these  mutants
ddressed  a  particularly  intriguing,  and  counter-intuitive,
rediction  of  the  Marcus  theory  of  ET  stating  that  the  ET  rate
onstant  will  increase  with  the  driving  force  until  it  equals
he  reaction’s  reorganization  energy.  At  yet  higher  driving
orce  the  rate  constant  is  predicted  to  decrease,  reaching
he  so-called  ‘‘Marcus  Inverted  Region’’  (Marcus  and  Sutin,
985).  This  prediction  was  tested  by  further  studying  the
nternal  ET  reactions  in  such  mutants  having  a  large  range  of
riving  force.  Indeed,  evidence  for  decreased  rate  constants
t  a  driving  force  of  ∼1  V  (∼100  kJ/mol)  was  obtained  pro-
iding  ﬁrst  experimental  evidence  for  the  appearance  of  the
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Figure  4  Pathways  calculated  for  P.  Aeruginosa  azurin:  the
left pathway  with  one  hydrogen  bond  has  an  electronic  coupling
factor 2.5  ×  10−7 while  the  one  on  the  right  with  two  hydrogen
bonds  and  one  through  space  jump,  has  a  lower  coupling  factor
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of  magnitude  to  7.2  ×  10 s from  44  s in  the  WT  pro-of 0.7  ×  10−7,  yet  it  passes  next  to  the  tryptophan  (W48)  and
continues  to  the  Cys  thiolate  copper  ligand.
inverted  region  in  an  intramolecular  ET  within  a  protein-only
system  (Fig.  8)  (Farver  et  al.,  2015).Gray  and  his  associates  have  extensively  and  rigorously
studied  the  role  of  the  separation  distance  between  elec-
tron  donor  and  acceptor  within  a  protein.  None  of  our  studies
t
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Figure  6  Time-resolved  absorbance  changes  of  a  15  M  purple  azur
formate solution  10  mM  phosphate  at  10.8 ◦C,  pH  4.0.  The  pulse  wid
scale is  in  seconds  (0.4  ms  and  10  ms  for  the  left  and  right  panels  o
units. (A),  monitored  at  410  nm  reﬂecting  formation  and  decay  of  t
of the  purple  Cu  center  (Farver  et  al.,  2007).igure  5  The  purple  Cu  azurin  site,  a  model  for  the  CuA site
n cytochrome  oxidase.
escribed  above  has  addressed  a  situation  where  a  signiﬁ-
ant  change  in  the  donor—acceptor  separation  distance  as
he  disulﬁde  and  Cu  are  at  a  ﬁxed  distance  apart,  2.6  nm
hrough  space.  A  N42C  azurin  mutant  has  been  prepared
n  our  Dutch  colleague,  Canters’  lab  where  an  exposed
ree  thiol  group  present  close  to  the  copper  site  at  the
North’  end  of  the  protein  with  the  internal,  native  disulﬁde
as  being  eliminated.  This  enabled  formation  of  a  disulﬁde
ridged  azurin  dimer  (Fig.  9).  The  crystal  structure  of  the
imer  has  shown  that  the  distance  between  this  new  disul-
de  and  the  Cu  is  only  1.29  nm  (de  Jongh  et  al.,  2007).  The
nternal  ET  between  the  more  proximal  disulﬁde  radical  ion
nd  the  Cu(II)  sites  has  been  studied.  As  expected,  the  rate
onstant  of  the  reaction  was  found  to  increase  by  2  orders
3 −1 −1ein.  Although  generally  in  line  with  the  expectation  that
 shorter  separation  leads  to  a  higher  rate  constant,  this
alue  is  still  lower  than  that  expected  based  on  the  change
in  solution  following  pulse  radiolysis  in  a  N2O  saturated  100  mM
th  was  0.2  S  and  the  optical  light  path  was  12.3  cm.  The  time
f  each  experiment,  respectively),  the  amplitudes  absorbance
he  RSSR− radical.  (B),  monitored  at  485  nm  showing  reduction
100  
Figure  7  Hydrogen  bonding  network  around  the  T1  Cu  coor-
dination  site.
Figure  8  Driving  force  dependence  of  the  ET  rate  constants
from the  disulﬁde  radical  radical-ion  to  Cu(II)  on  the  reac-
tion’s driving  force  in  azurin  mutants.  The  mutants  are
1, F114P/M121Q;  2,  F114P;  3,  F114N;  4,  N47S/P114N;  5,
N47S/M121L;  6,  F114N/M121L;  7,  M44F/N47/F114N/G116F;  8,
N47S/F114S/M121L;  9,  N47S/F114N/M121L;  WT,  wild  type.
Figure  9  The  structure  of  the  N42C  azurin  mutant  disulﬁde
bridged  dimer  (PDB:  2OJ1)  showing  the  ET  path  from  the  bridg-
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tng disulﬁde  to  each  of  the  Cu  ions  as  calculated  with  the
athways  program.n  the  length  of  the  pathway  alone.  As  detailed  above,  one  of
he  better  ET  pathways  in  WT  azurin  is  predicted  to  reach
he  Cu(II)  through  its  Cys  ligand.  Although  not  part  of  the
athways  calculation,  this  path  may  be  additionally  favored
m
t
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ecause  the  Cu—S  interaction  provides  better  coupling  than
he  His  ligand  N  atoms  involved  in  the  last  bond  to  the
u  in  the  other  path.  A  proposed  rationale  for  the  lower
han  expected  rate  in  the  dimer  is  that  the  His  nitrogen
igand  that  leads  the  pathway  to  the  Cu  in  the  dimer  is  a
ess  favorably  coupled  one.  Furthermore,  there  is  a  major
ifference  between  the  ET  activation  parameters  for  the
zurin  dimer  and  the  WT  (Table  1).  Since  the  reorganization
f  the  Cu  site  should  be  hardly  affected,  the  much  lower
nthalpy  of  activation  may  arise  from  a  lower  solvent  reor-
anization  around  the  disulﬁde  in  the  dimer  protein  which
s  less  solvent  accessible  than  in  the  WT  protein.  In  addi-
ion,  the  reaction  has  a  less  favorable  entropy  of  activation,
hich  provides  a  degree  of  enthalpy/entropy  compensation
hich  can  also  be  indicative  of  solvent  effects  (Farver  et  al.,
003).
ntramolecular ET as part of enzymes’
atalytic cycles
hile  interesting  and  signiﬁcant  lessons  have  been  learned
rom  the  broad  range  of  studies  using  azurin,  one  should
ear  in  mind  that  this  protein’s  function  is  limited  to  medi-
ting  electrons  via  the  copper  site  and  we  have  employed
t  as  a model  (‘miss’)using  its  structural  disulﬁde  as  a  redox
ite.  Hence,  important  functional  and  evolutionary  insights
hould  be  pursued  by  investigating  ET  processes  which  are
art  of  a  protein’s  intrinsic  function  such  as  in  an  enzyme.
ndeed,  the  pulse  radiolysis  technique  has  also  been  used  to
tudy  the  intramolecular  ET  that  is  part  of  the  catalytic  cycle
f  enzymes  utilizing  a range  of  Cu  or  heme  site  containing
nzymes  (Kobayashi  et  al.,  1997;  Suzuki  et  al.,  1994;  Farver
t  al.,  2002,  2000b,  2006a,  2006b;  Wherland  et  al.,  2005)
ere,  we  shall  limit  ourselves  to  studies  of  copper  enzymes
nd  to  their  internal  ET  processes  in  the  absence  of  their
xidizing  substrates,  e.g.,  nitrite  or  dioxygen.  Under  these
onditions,  clear  inherent  constraints  may  be  expected  to
ffect  the  active  sites’  reactivities.
The  copper  containing  nitrite  reductases  catalyse  the
ollowing  reaction  that  is  one  of  the  steps  in  biological  deni-
riﬁcation.
O2− +  2H+ +  e− →  NO  +  H2O
This  family  of  proteins  is  homotrimers  constructed  of
upredoxin-like  domains  (Fig.  10),  each  monomer  of  which
as  two  Cu  sites.  One  is  a  homotrimers  T1  site,  structurally
imilar  to  the  site  in  azurin.  The  other  is  called  Type  2
T2)  Cu  site,  a  site  with  the  properties  of  more  typical
ow-molecular  Cu  complexes  (Malkin  and  Malmstrom,  1970).
n  the  structure  of  Alcaligenes  xylosoxidans  nitrite  reduc-
ase  (PDB:  1OE1)  the  Cu  ions  are  only  1.2  nm  apart  (through
pace)  and  are  connected  by  covalent  bonds  of  the  consec-
tive  amino-acids  in  the  protein’s  sequence  coordinated  to
esidues  of  the  Cys  ligand  of  the  T1  Cu  and  a  His  of  the
2  Cu  (Fig.  11).  The  T1  site  is  the  electron  uptake  site  and
he  T2  is  the  nitrite  reduction  site.  Pulse  radiolysis  experi-
ents  have  shown  that  the  T1  Cu(II)  is  rapidly  reduced  by
he  CO2− or  1-methyl  nicotinamide  radicals.  This  bimolecu-
ar  process  was  followed  by  the  intramolecular  ET  from  T1
u(I)  to  T2  Cu(II)  that  was  monitored  via  the  T1  Cu(II)  site’s
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Figure  10  Three  dimensional  structure  of  the  Alcaligenes
Figure  11  Tentative  ET  pathway  in  the  copper  nitrite  reduc-
tase (1OE1)  from  Alcaligenes  xylosoxidans, linking  the  T1  (right)
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rxylosoxidans  Copper  nitrite  reductase  (PDB:  1OE1).  The  Cu  ions
(red balls)  are  shown  in  each  subunit  of  the  trimeric  structure.
absorption  (Fig.  12).  As  mentioned  above,  these  reactions
are  studied  in  the  absence  of  the  oxidizing,  nitrite  substrate
of  the  enzyme  and  hence  the  T1  Cu(I)  to  T3(II)  ET  reaction
is  reversible.  The  equilibrium  constant,  evaluated  from  the
absorption  amplitudes  of  the  ET  processes,  is  0.7  at  298  K.
The  observed  ET  rate  and  the  equilibrium  constant  allow  the
forward  and  reverse  rate  constant  for  the  T1    T2  step  to
be  calculated  (Table  2).
The  internal  T1  to  T2  ET  has  been  investigated  in  dif-
ferent  additional  NiRs  because  of  their  distinct  properties
c
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Figure  12  Time  resolved  absorbance  changes  at  593  nm  following
The left  panel  shows  the  reduction  of  the  T1  Cu(II)  ion  by  the  N-
partial reoxidation  due  to  the  internal  ET  to  T2  Cu(II).  The  lower  p
carried out  at  25.6 ◦C  under  an  Ar  atmosphere,  with  11.8  M  enzyme
N-methylnicotinamide  and  with  an  optical  path  length  of  12.3  cm  (Fnd T2  Cu  ions  using  the  consecutive  covalently  linked  amino
cids Cys  and  His.
r  speciﬁc  mutations  introduced  into  them.  For  example,
iR  isolated  from  Achromobacter  cycloclastes  has  its  T1
u  site  with  a  somewhat  distorted  geometry,  weakening
he  Cu  S  bond  and  yielding  an  additional  strong  absorption
ear  450  nm,  causing  it  to  be  green  instead  of  blue.  As
ummarised  in  Table  2,  in  the  absence  of  the  electron  con-
uming  nitrite  substrate,  the  intramolecular  T1  toT2  ET  is
lso  an  approach-to-equilibrium  process  with  an  equilib-
ium  constant  of  0.4  at  298  K.  The  observed  rate  constants
re  approximately  twice  as  high  for  A.  cycloclastes. The
eorganization  energies  of  the  different  Cu  sites  could  be
alculated  from  the  rate  constants  and  their  activation
arameters.  Values  for  the  T1  site  of  0.57  ±  0.07  eV  for
he  more  reactive  A.  cycloclastes  and  0.77  ±  0.05  eV  for
.  xylosoxidans  were  obtained,  and  compare  to  values  of
 pulse  radiolysis  of  Alcaligenes  xylosoxidans  nitrite  reductase.
methylnicotiamde  radical,  followed  in  the  right  panel  by  its
anel  is  the  residuals  of  the  ﬁt  to  the  data.  The  reaction  was
,  10  mM  phosphate  buffer,  pH  7.0,  0.1  M  tert-butanol  and  1  mM
arver  et  al.,  1998).
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Table  2  Rate  constants,  driving  forces  and  activation  parameters  of  the  intramolecular  ET  in  nitrite  reductases  and  MCOs.
Enzyme  species  Process  k298 (s−1)  −G0
(kJ/mol  K)
H‡
(kJ/mol)
S‡
(J/mol  K)
References
Nitrite  reductase  T1    T2  450  ±  30  −0.88  Farver  et  al.,  2004a
Alcaligenes  xylosoxidans  T1  →  T2  185  ±  12  (0.7)  22.7  ±  3.4  −126  ±  11
T2 →  T1  265  ±  18  10.6  ±  1.7  −164  ±  15
Nitrite reductase  T1    T2  1.030  ±  80  −1.8  18.9  −105  ±  9  Farver  et  al.,  2004b
Achromobacter  cycloclastes  T1  →  T2  335  (0.52)
T2  →  T1  695
Ascorbate  oxidase T1    T2/T3 201  ±  8  1.5  9.1  ±  1.1  −170  ±  9  Farver  and  Pecht,  1992b
Cucurbita  pepo Fastest  phase (1.8)
20  ±  4 —  —
2.3 ±  0.2  6.8  ±  1.0  −215  ±  16
Laccase T1    T2/T3  25  ±  1  −2.3  39.7  ±  5  −87  ±  9  Farver  et  al.,  2011
Trametes  hirsuta  7.1/18  (0.4)
Laccase T1    T2/T3  8  ±  1  −2.3  25.2  ±  3.2  −142  ±  15  Farver  et  al.,  2009
Streptomyces  coelicolor  (2.3/5.7)  (0.40)
186  ±  25  26.2  ±  6.0  −115  ±  18
(53/133)
Laccase  T1    T2/T3 8.3  ±  0.4 Goldberg  and  Pecht,  1978
Rhus  vernicifera
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Figure  13  Calculated  Pathway  of  the  ET  through  the  protein’s
covalent  bonds  linking  the  T1  copper  (right)  and  the  T3  copper
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h.72—0.82  eV  for  other  T1  centers  (DiBilio  et  al.,  1997).
hese  are  still  considerably  larger  than  the  value  of  0.4  eV
alculated  for  the  purple  azurin  CuA model  site  discussed
bove  underscoring  the  efﬁcacy  of  the  latter  copper  site  as
n  ET  mediator.  Further,  a  value  of  1.75  eV  was  estimated
or  the  T2  site,  consistent  with  this  site  being  involved  in
dditional  functions  to  ET,  substrate  binding  and  solvent
nteraction,  thus  it  is  not  optimised  for  ET  as  are  the  NiRs
1  sites.
A  higher  level  of  complexity  in  internal  ET  processes  is
ncountered  in  the  family  of  multicopper  oxidases  (MCOs).
hey  exist  in  several  structural  types  (Nakamura  et  al.,  2003;
omori  et  al.,  2009,  Lawton  et  al.,  2009),  constructed  of  two
r  three  cupredoxin-like  domains  in  a  subunit  (Nakamura
t  al.,  2003;  Komori  et  al.,  2009;  Lawton  et  al.,  2009).
urthermore,  the  assembly  pattern  of  the  subunits  varies
mong  these  enzymes,  possibly  reﬂecting  the  conditions,
.g.,  limiting  O2 or  reducing  substrates’  concentrations,
nder  which  they  have  evolved.  All  MCOs  contain  the  fun-
amental  set  of  three  distinct  copper  binding  sites  (Malkin
nd  Malmstrom,  1970).  Electrons  are  taken  up  by  the  T1
opper  site  from  an  exceptionally  wide  variety  of  reducing
ubstrates  and  then  dioxygen  is  reduced  to  water  at  a  site
inding  three  copper  ions,  designated  the  trinuclear  center
TNC)  (Messerschmidt  et  al.,  1992,  1993,  1989),  upon  inter-
al  ET  from  the  T1  Cu  to  the  TNC.  The  TNC  itself  is  composed
f  a  binding  site  of  two,  antiferromagnetically  coupled  cop-
er  ions  designated  Type  3  (T3)  that  has  an  absorbance  band
t  330  nm  in  the  oxidised  state.  A  T2  site  completes  the  TNC.
t  is  the  catalysis  of  the  reduction  of  dioxygen  to  water  that
as  led  to  considerable  interest,  for  both  fundamental  and
ractical  reasons,  with  efforts  aimed  at  a  detailed  under-
tanding  of  the  MCOs’  mechanism(s)  of  action.  Critical  to
s
e
b
Tons (left)  via  the  Cys  ligand  of  T1  and  a  His  ligand  of  each  T3
n Trametes  hirsuta  laccase.
he  delineation  of  a  mechanism  is  the  establishment  of  the
rder  and  number  of  ET  steps,  dioxygen  binding  to  the  TNC,
nd  dioxygen  reduction  to  superoxide,  peroxide,  and  water.
The  T1  site  is  connected  covalently  via  the  protein’s
olypeptide  chain  to  the  each  T3  site  by  a  potential  ET  path-
ay  involving  only  2  amino  acid  residues,  from  a  Cys  ligand
f  the  T1  Cu  ion  to  a  His  ligand  of  each  T3  (Fig.  13),  as
n  the  nitrite  reductases  with  eleven  bonds  and  a  through-
pace  distance  about  1.2  nm,  though  differing  in  details.
he  ﬁrst  MCO  to  be  studied  by  pulse  radiolysis  was  tree
accase  isolated  from  the  lacquer  producing  Rhus  verni-
ifera.  Unfortunately,  this  enzyme’s  3D  structure  has  so
ar  not  been  characterised  by  X-ray  crystallography,  per-
aps  owing  to  its  high  carbohydrate  content.  Still,  this  early
tudy  demonstrated  both,  the  fact  that  the  T1  is  the  prime
lectron  uptake  site  of  these  enzymes  and  the  internal  ET
etween  the  T1  and  what  has  become  to  be  known  as  the
NC  (Goldberg  and  Pecht,  1978).
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Figure  14  Time  resolved  absorption  changes  monitored  at  610  nm  of  a  94.5  m  Trametes  hirsuta  laccase  solution  following  pulse
radiolysis in  N2O  saturated,  100  mM  formate,  10  mM  phosphate,  pH  4.5.  Pulse  width  0.4  s,  T  =  299  K.  The  left  panel  shows  the
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areduction of  the  T1  Cu(II)  ion  by  the  CO2− radical  with  a  time  s
by internal  ET  to  the  T2  Cu(II)  on  a  time  scale  of  0.2  s.  The  low
The  ﬁrst  three  dimensional  structure  of  an  MCO  crys-
tallographically  characterised  as  well  as  studied  by  pulse
radiolysis  was  zucchini  ascorbate  oxidase  (AO)  (Farver  and
Pecht,  1992a,b).  It  is  a  dimer  of  subunits  with  3  cupredoxin-
like  domains,  each  with  a  complete  set  of  4  bound  Cu  ions
and  the  type  3  site  created  between  domains.  Reacting
anaerobic  solutions  of  AO  with  CO2− radicals  led  to  the
reduction  of  the  T1Cu(II)  that  was,  surprisingly,  followed
by  three  phases  of  intramolecular  T1  to  T3  ET  reactions,
with  rate  constants  of  201,  20,  and  2.3  s−1,  respectively.
The  primary,  fastest  process  has  a  particularly  low  activa-
tion  enthalpy  of  ca.  10  kJ/mol  (Table  2)  compared  to  those
of  the  internal  ET  rates  in  azurins  and  even  nitrite  reduc-
tase.  The  fastest  of  these  is  comparable  to  the  rate  of
aerobic  enzyme  turnover  at  high  ascorbate  concentration,
indicating  that  internal  ET  could  be  rate  limiting.  The  slower
processes  could  not  be  deﬁnitively  assigned,  and  were  tenta-
tively  interpreted  as  being  due  to  the  presence  of  different
enzyme  forms.  Signiﬁcantly,  similar  kinetic  behavior  has
been  observed  in  ﬂash-photolysis  studies  of  AO  where  the
ﬂavin  radical  was  the  electron  donor  to  the  T1  Cu(II)  (Meyer
et  al.,  1991).  The  overall  equilibrium  constant  for  the  intra-
molecular  ET  was  evaluated  based  on  the  amplitudes  of
initial  T1  Cu  reduction  and  its  reoxidation,  and  found  to  be
1.5.An  example  of  a  monomeric,  3  domain  MCO  is  the
laccase  isolated  from  the  fungus  Trametes  hirsuta  of
which  a  high-resolution  3D  structure  is  available  (Polyakov
et  al.,  2009).  Pulse  radiolysis  experiments  (Fig.  14)  allowed
d
c
c
oof  0.2  ms,  followed  in  the  right  panel  by  its  partial  reoxidation
nel  is  the  residuals  of  the  ﬁt  to  the  data  (Farver  et  al.,  2011).
haracterization  of  the  internal  T1  to  T3  ET  which  proceeded
n  a  single  step  with  a  moderate  rate  constant  of  25  s−1 at
5 ◦C.  Examination  of  the  number  of  reduction  equivalents
aken  up  by  the  enzyme  by  sequential  pulses  and  monitoring
he  amplitudes  of  the  T1  and  T3  sites  absorption  resolved
 particular  aspect  of  this  MCO’s  activity,  namely  that  it
an  take  up  a  maximum  of  three  reduction  equivalents.
his  apparently  results  from  the  T2  Cu  having  a  signiﬁcantly
ower  reduction  potential  than  that  of  the  others.  As  men-
ioned  already  earlier,  all  the  experiments  are  carried  out
naerobically  and  this  pattern  is  most  probably  a  result  of
he  absence  of  the  oxidizing  substrate,  dioxygen.
A  rather  different  MCO  is  the  one  isolated  from  Strepto-
yces  coelicolor;  it  is  a  trimer  of  identical  subunits,  each
ith  only  2  cupredoxin-like  domains  (Skalova  et  al.,  2011).
his  rather  small  laccase,  hence  called  SLAC,  exhibited  a
ery  different  type  of  reactivity.  Namely,  the  internal  T1
o  T3  ET  rate  was  found  to  be  controlled  by  an  allosteric
echanism.  This  crucial  step  in  the  catalytic  cycle  of  mul-
icopper  oxidases,  was  found  to  increase  by  close  to  one
rder  of  magnitude  with  the  extent  of  the  enzyme’s  reduc-
ion.  This  is  an  intriguing  and  previously  unknown  feature  of
ntraprotein  ET  reactions.  This  exceptional  behavior  could
riginate  in  SLACs  structure:  since  the  SLAC  TNC  is  located
t  a  monomer-monomer  interface  and  each  T3  Cu  is  coor-
inated  to  ligands  from  two  different  monomer  chains,  it  is
onceivable  that  changes  in  the  reduction  state  of  the  TNC
ause  changes  in  its  structure  which  affect  the  ET  rates  in
ther,  still  oxidised,  subunits.  Another  question  raised  by
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his  behavior  of  SLAC  is  whether  it  reﬂects  constraints  set
y  its  evolution,  such  as  limited  availability  of  reductants  or
2.  An  additional  ﬁnding  in  the  study  of  SLAC  is  that  it  only
ccepted  a  total  of  two  electron  equivalents  as  monitored
y  the  reduction  amplitudes  of  the  absorption  bands.  This  is
he  minimum  required  to  attain  the  peroxide  level  oxidation
tate  upon  dioxygen  binding  to  the  TNC,  again  relating  to
he  previous  question.  Taken  together  the  results  obtained
n  studies  of  these  distinct  MCOs  calls  for  great  caution  in
rying  to  look  for  a  consensus  mechanism  for  the  reduction  of
ioxygen  catalysed  by  MCOs.  The  observed  common  active
ites  are  contrasted  by  the  different  3D  structures,  a pat-
ern  that  calls  for  more  studies  before  further  and  deeper
nderstanding  can  be  reached.
onclusion
esults  of  studies  of  electron  transfer  by  and  among  Cu  sites
n  proteins  and  enzymes  underscores  many  of  the  parame-
ers  controlling  ET  reactivity,  as  illustrated  by  our  studies  of
he  intramolecular  ET  from  the  disulﬁde  radical  to  Cu(II)  in
he  series  of  azurin  mutants:  driving  force,  separation  dis-
ance,  reorganization  energy,  and  the  ET  pathway,  all  affect
he  observed  rate  constants.  For  enzymes  in  which  the  ET
rocess  is  ideally  rapid  at  low  driving  force,  the  bonded
athway  is  short  (2  residues)  and  the  reactions  do  take  place
ith  little  driving  force.  The  results  of  studies  of  enzymes
how  a  variety  of  further  inﬂuences  on  the  ET  process,  with
ontrol  of  the  rate  constants  by  the  extent  of  the  multi-site
eduction,  in  a  cooperative  manner,  and  by  setting  the  T2
u(II)  site’s  reduction  potentials  lower  than  that  of  T1,  at
east  in  the  resting  enzyme  in  the  absence  of  oxidizing  sub-
trates.  The  disparate  ET  behavior  of  the  MCOs  demonstrates
hat  there  is  no  clear  single  mechanism,  perhaps  reﬂecting
he  demands  of  the  diverse  environments  in  which  this  large
lass  of  enzymes  functions.
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